The microstructure of alkali-etched heated kaolinitic-illitic clay, which was cured in wet atmosphere at different temperatures and times, was investigated by using X-ray diffraction, Fourier-transform infrared spectroscopy, thermal analysis and scanning electron microscope. The flexural strength, density and water absorption of the cured samples were correlated to curing time, ageing temperature and alkaline solution concentration by using the response surface methodology. It was found that hydro-sodalite and zeolite P were essentially formed from metakaolinite, the products of chlorite and illite. The geopolymer was almost absent mainly because of excessive hydration. The assemblage of neoformed zeolites differed partially from that predicted using the stability diagram Na 2 O-SiO 2 -Al 2 O 3 . Polynomial models described well the change of the physical/mechanical properties against the experimental factors. Based on the results of the models, the increase of any factor among the studied ones had an adverse effect on the mechanical strength and contributed to the increase of water absorption. The weight of the effect of the factors on density was less significant. These results were discussed in relation to the microstructure investigation.
Introduction
In strong alkaline aqueous solutions, aluminosilicates such as clay minerals are etched and geopolymers can be formed [1] . The structure of such products consists of connected tetrahedral of SiO 4 4− and AlO 4 5− . The electrical neutrality is achieved by the cations of the used base [2] . Geopolymers are inexpensive and ecofriendly cementing materials [2, 3] , and might be the precursors of zeolites [4] [5] [6] [7] [8] [9] .
The geopolymerization processes are affected by the nature and the amount of the aluminosilicates, the base concentration as well as by the curing experimental factors (temperature, time and atmospheric moisture) [2, [10] [11] [12] [13] . According to some authors, the increase of the curing temperature (up to a certain limit) favoured the dissolution of the particles of metakaolinite (a kaolinite derivative reactant for geopolymers), improved the polymerization reaction, and enhanced physical/mechanical properties [14] . The concentration of alkaline etching solution affected the amount of the neoformed phases and the compressive strength of geopolymers [15, 16] . Curing time had an important impact on the rate and the extent of the geopolymerization reaction [17] , and it might enhance the mechanical strength [17, 18] . However, some authors argued that long curing times resulted in weakened samples [18, 19] . Curing in moderate humid atmosphere (50-65%) led to the strengthening of samples [11, 19, 20] . Nevertheless, for Criado et al. [21] , the effect of humidity on the mechanical strength depended on the content of water.
As aluminosilicates, dioctahedral clay minerals are suitable materials for geopolymers synthesis [22] . In order to enhance their reactivity, clay minerals are the subject of heat treatment at moderate temperatures, commonly close to their dehydroxylation temperatures. According to some authors [22] [23] [24] , raw and thermally activated clays may lead to consolidated geopolymers.
Considering the literature data dealing with the synthesis of geopolymers, metakaolinite was the main used reactant [9, [25] [26] [27] . A little attention has been paid to the synthesis of geopolymers from heated clay materials. On the other hand, to the best of our knowledge, only one study was devoted to the simultaneous effects of some experimental factors on the microstructure and the physical/mechanical properties of cured alkali-activated heated raw clay. In that study, curing was conducted in an ordinary atmosphere [28] .
This study focused on the microstructure of alkali-activated heated raw clay cured in water-saturated atmosphere, at different temperatures and times. Moreover, it addressed the effects of NaOH concentration, curing temperature and curing time on some physical/mechanical properties of cured samples. For the latter objective, the response surface methodology (RSM) was used.
Materials and experimental methods
The used material was a naturally occurring clay, which was composed of illite (33%), kaolinite (25%), chlorite (10%), quartz (19%), dolomite (6%), hematite (4%) and K-feldpar (3%). Its chemical composition is given in Table 1 . The raw material (<80 m) was heated in an electrical furnace at 700 • C for 2 h in an open atmosphere. Due to heating, the crystalline structures of kaolinite and chlorite were disorganized because of the loss of structural water, whereas that of illite persisted. Moreover, the dolomite was partially decomposed.
Samples of the heated clay were mixed with alkali solutions of sodium hydroxide (4-14 M), and kneaded for 15 min, enough time to obtain a plastic paste. The mass ratio of clay/water was maintained constant (2.2). From the paste obtained, test-bars (1 cm × 2 cm × 5 cm) were manually shaped using a set of PVC moulds. The shaped pieces were cured in wet atmosphere (100% moisture) at different temperatures (31-84 • C) and durations (2-27 days) .
The flexural strength ( ) of the cured samples was measured with the two-point method by using the relation:
where F (in N) is the maximum load, L (2.8 cm) is the distance between the supports, h and b are the thickness and the width of the prismatic test-pieces, respectively. Density (d) of the cured samples was determined by pycnometry using edible oil (d = 0.917 g/cm 3 ) as a solvent. The amount of the absorbed water as a function of time was followed by weighing, at a regular time, the cured samples placed on the surface of a water-submerged sponge. Phases identification was done by means of X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), scanning electron microscope (SEM) and thermal analysis. The XRD patterns were realized with a Philips X'Pert MPD diffractometer operating with a copper anode ( K␣ = 1.5418Å). The FT-IR spectra were Table 2 Planned experimental conditions (experimental design matrix) and measured values of the studied properties (Y1: flexural strength; Y2: density; Y3: water absorption). recorded with a Perkin Elmer spectrophotometer functioning in the range 4000-400 cm −1 . The deconvolution of the FT-IR broad bands of the recorded spectra was performed with the PeakFit software [29] following the procedures given elsewhere [12, [30] [31] [32] [33] [34] [35] . The SEM examinations were realized with a Zeiss Supra 40 VP scanning electron microscope equipped with a X-Max 20 mm 2 86 Silicon drift detector. For this purpose, pieces of the cured sample were gold-coated. The thermal analysis was carried out in the air, at the heating rate 10 • C/min, with a Setaram Setsys 24 apparatus.
Experiments design
Usually, numerous trials are needed for evaluating the effects of the concentration of NaOH (C) solution, curing time (t) and ageing temperature (T) on flexural strength, density and water absorption of the cured samples. However, by using the response surface methodology (Doehlert matrix), the number of the required experiments is limited to 13 (k 2 + k + 1; k is the number of the natural variables; k = 3). Moreover, the magnitudes of the properties could be predicted in all investigated experimental domains.
Owing to the response surface methodology, the variation of a property (Y) against the coded variables, related to the natural variables as reported hereafter, could be described with the following polynomial model (e.g., [36, 37] ):
Y is the studied physical property; b 0 is a constant; b 1 , b 2 and b 3 are linear coefficients, which represent the weights of the effects of the experimental factors; b 11 , b 22 and b 33 are quadratic coefficients; b 12 , b 13 and b 23 are the coefficients of the interaction between the factors; X 1 , X 2 and X 3 are the coded variables related to C, t and T according to the relations: The values of the coefficients of the model were calculated by the least-squares regression method using the software "New Efficient Methodology for Research using Optimal Design (NEM-ROD)" [38] . For this goal, the values of the flexural strength, density and water adsorption of cured samples, which were prepared in the planned experimental conditions given in Table 2 , were measured. The validation of the polynomial models was checked on the basis of the statistical data: ANOVA and fitting coefficient (e.g., [39] ). For an accurate estimation of the standard error, the experiments at the centres of the investigated domains (C 0 = 9 M, t 0 = 14.5 days, T 0 = 57.5 • C) were repeated ( Table 2) and their corresponding results were taken into account in the above calculation.
Results and discussion

Microstructural characterization and neoformation mechanisms
As can be deduced from Fig. 1 , cured samples consisted of hydro-sodalite (HS), P-type zeolite and sodium carbonate together with illite and quartz. The contents of the original minerals and the neoformed phases were sensitive to the magnitudes of the experimental factors. The FT-IR analysis pointed out that the intensities of the bands of quartz (797, 777, and 696 cm −1 ), illite (3622 and 914 cm −1 ) and K-feldspar (638 cm −1 ) diminished, particularly at high curing temperature (Fig. 2) . These results indicated that illite and feldspar were involved in the neoformation processes of zeolites, whose presence was supported by the bands at 733, 665 and 440 cm −1 [6, 40, 41] . The former frequency (733 cm −1 ) corresponds to T-O bonds of the interconnected tetrahedral of the single four ring (S4R) or the double four ring (D4R) units of the structure of zeolites. This band might be also due to the vibrations of the 4 ring units found in the D6R minerals [6] . As far as the FT-IR analysis is concerned, the frequencies 1390 and 557 cm −1 occurring in the spectra of some cured samples were related to metakaolinite [19, 40] . The presence of unreacted metakaolinite might be partly due to the fact that some particles were too embedded to be reached by the alkaline solution. Indeed, SEM examinations revealed the occurrence of pseudo-patterns of selective etching (Fig. 3) .
The presence of sodium carbonate was supported by the set of bands at about 1485, 1418 and 876 cm −1 [16, 42] . In this respect, it may be noted that curing in wet environment led to a lower amount of sodium carbonate, probably because the atmospheric carbon dioxide was impeded to diffuse throughout the damped surfaces of the cured samples.
Taking into consideration the above XRD results, and the plots of Fig. 4 , the IR bands at 3644-3631, 3599-3570 and 3303-3237 cm −1 were ascribed to illite, and that at 3499-3538 cm −1 was related to metakaolinite. The non-structural water was characterized by the frequencies in the range 3446-3404 cm −1 and 1639 cm −1 . The comparison of the deconvoluted bands in the range 1300-800 cm −1 (Fig. 5 ) indicated that the bands at about 1240, 1150, 1010 and 1040 cm −1 were due to metakaolinite and those at 1010 and 910 cm −1 to illite. The frequencies 1090, 979 and 840 cm −1 were assigned to zeolites. The two former bands (1090 and 979 cm −1 ) were related to the asymmetric stretch vibrations of external linkages and internal tetrahedral of the zeolites, respectively [43] .
Microscopic examinations showed that hydro-sodalite particles manifested as pseudo-truncated thick channels as presented in Fig. 6 . In contrast, zeolite P particles manifested as juxtaposed polygons, looking like "starfruit". A typical micrograph showing such a structure is shown in Fig. 7 . In the presence of hydro-sodalite, rare bundles of fibres, such as seen in Fig. 8 , were encountered. The morphology of the fibres resembled that of natrolite formed in samples cured in ordinary air atmosphere [28] . Particles with platy shape, identified to illite, were distinguished, and limited grainy zones were occasionally found. The grainy contrast, which is well observed in the micrograph of Fig. 7 , did not correspond to that of the identified crystalline phases. It was associated with that of the geopolymer, in which the amount seemed to be insignificant.
The thermal curves displayed a broad endotherm in the range 25-350 • C due to the loss of physisorbed and zeolitic water (Fig. 9 ). The extended endothermic effect at 350-800 • C was linked to the dehydration of zeolites [44] , and the intense exotherm at about 1020 • C was attributed to the recrystallization process. In fact, the XRD analysis of heated cured samples showed that Na-feldspar (albite) and nepheline neoformed in hydro-soldalite and zeolites P-rich samples (Fig. 10 ). 
Prediction of zeolites formation
The formation of zeolites was predicted on the basis of the diagram of Fig. 11 , wherein the stability domains of zeolites are defined [45] . Considering the positions of the representative points of the chemical compositions of the studied blends ( Fig. 11 , coloured zone), only zeolite P was expected to be formed in soda-rich blends. The partial difference between the predicted and observed results may be linked to the presence of mineralizers (MgO, CaO, K 2 O, etc.), which may facilitate the formation of hydro-sodalite. In this respect, it may be noted that by considering the above diagram, the formation of hydro-sodalite in the equilibrium state requires high amounts of Na 2 O.
Effects of the change of the experimental factors on the physical/mechanical properties of cured samples
Owing to the fact that the F-ratio largely exceeded the unity and the signification was as good as 99.9% (Table 3 ), the polynomial models described well the change of the physical/mechanical properties versus the experimental factors. The validity of the models was supported by the high values of the fitting coefficients (Table 3 ).
Physical properties
The equations expressing the effects of NaOH concentration (X 1 ), curing time (X 2 ) and curing temperature (X 3 ) on density (Y 2 ) and water absorption (Y 3 ) of cured samples were as follows:
In view of the algebraic values of the linear terms of Eq. (1), the weights of the effects of the concentration of NaOH and the curing temperature on density were comparable and not significant. However, the weight of the effect of curing time was slightly important. The increase of time had an adverse effect on samples densification, presumably because of excessive hydration. Considering the values of the coefficients b ij , the simultaneous increase of a couple of the factors studied had a negative impact on density. Otherwise, the factors manifested antagonistic interactions.
Referring to Eq. (2), water absorption by cured samples increased with the increase of one among the three studied factors. This fact was mainly related to the occurrence of marked drying shrinkage cracks, such as displayed in Fig. 12 .
Mechanical strength
The flexural strength of cured samples varied as a function of the experimental factors according to the following equation: Based on the algebraic values of the coefficients b i and b ij , flexural strength declined as a result of the increase of one of the factors studied or the simultaneous increase of temperature and NaOH concentration. These adverse effects might have a relation with an excessive hydration of the cured samples. In water-saturated atmosphere, the particles of the cured samples were too hydrated to develop strong bonds between them [19, 46] . Furthermore, in such a condition, the solution of NaOH within and between particles was diluted and less aggressive; thereby, the formation of cementitious material was very limited. In addition, the abundance of cracks, due to shrinkage-drying, mainly contributed to the reduction of the mechanical strength.
Considering the graphical representations of the above equations ( Fig. 13) , somewhat strengthened and dense samples with limited water absorption can be prepared by reducing the curing time (4 days) and using diluted solutions of NaOH (<4 M). Samples with acceptable properties could be also prepared in low curing temperature (T < 30 • C).
Conclusion
Curing in water-saturated atmosphere of the alkaline-activated heated kaolinitic-illitic clay resulted in the formation of hydrosodalite and zeolite P. The zeolites neoformation involved the reactivity of metakaolinite, the amorphous products of chlorite, and to some extent illite. Partial discrepancy was observed between the actual and predicted zeolites, particularly in regard to the formation of hydro-sodalite, which was considered as a metastable phase. Sodium carbonate formed as a product of carbonation, and the expected geopolymer was quasi-absent because of excessive hydration.
The relation between the physical properties and flexural strength of the cured samples and the experimental factors was well expressed by the polynomial models. The predicted negative effects of the factors on the mechanical strength and water absorption were essentially related to the excessive hydration of the samples. In such a condition, shrinkage cracks occurred, and their presence had an adverse effect on the mechanical and water resistances of the cured samples.
Based on the modelling results, acceptable physical properties could be obtained by reducing the curing time (4 days for instance) and the ageing temperature (around 30 • C). Furthermore, the concentration of NaOH could be as low as 4 M.
